Calves infected with Trypanosoma congolense TREU 112 had, at the onset of anemia, a very low total white cell count and neutropenia but with chronicity there was lymphocytosis. Infected calves had a marked reduction in granulocyte mobilization for the first 14 weeks of infection and there was reduced ability to mount an inflammatory response during the onset of anemia. Bone marrow aspiration biopsies showed marked erythroid hyperplasia in response to the anemia with a relative and likely absolute reduction in myeloid precursors and marrow granulocyte reserves.
The principal effect of Trypanosoma congolense upon the bovine host has been shown to be anemia, but as with infection caused by T. vivax, intercurrent disease plays a large part in the outcome of the primary infection [4] . Cattle appear to be similar to other species in their intravascular granulocyte pool and in their marrow granulocyte reserves [12] . Cattle are much slower than the dog in mobilizing their stem cell pool and this seems to be the major reason for the difference between these two species during the acute stages of infectious disease when the cow is liable to be neutropenic. This limitation in proliferative potential is most critical when diseases occur that present a simultaneous stress on the myeloid and erythroid system. Under these circumstances, the marrow is called upon to react to its physiological limits to expand the myeloid (granulocytic), erythroid and megakaryocytic systems simultaneously. It is not clear whether this limitation is caused by a competition for space and nutrients by the progeny of the various committed stem cells or whether there is competition in differentiation between the various committed precursors themselves [6, 13] . The situation in cattle tends to favour the latter pathogenesis since neutropenia produced in calves by mechanical means without toxemia but with a significant degree of anemia delays the recovery in the erythroid system until the marrow granulocyte reserves are replenished [12] . In calves, this recovery is related to both the time of granulocytic stem cell differentiation and the neutrophil production time which together total 6 days [12] . In trypanosomiasis of man and animals, much recent work has been directed towards the immune response and the effects of antigenic vanation of these organisms within a single course of infection. Ultimately, the precursor cells for the lymphoid, erythroid and myeloid systems are all derived from a pluripotential stem cell and, therefore, it is not surprising that these systems do not appear to operate independently although they may have been studied as if they do.
Materials and Methods
Twenty-four 3-to 5-month-old Holstein calves weighed 80 to 140kilograms at the beginning of the experiment. Thirteen were infected with T. congolense and II were controls [9] .
Blood samples were collected twice a week from all calves into ethylene-diamine-tetraacetate potassium salt anti-coagulant and processed through a Coulter counter [10] . Blood slides were air-dried and stained with Wright's; differential counts were done on 100leukocytes on each blood film.
Four other tests were done. For these the calves were divided into two groups of 12. Group A had seven infected and five control calves, and group B had six infected and six control calves. These additional tests were Piromen test of marrow granulocyte reserves [5] ; skin window method of evaluating inflammatory cell response [8] ; aspiration biopsies of sternal bone marrow [12] ; and delayed cutaneous hypersensitivity reactions [2] .
There was an interval of 2 weeks between each test for each group; thus in a particular week the Piromen test would be conducted on one group and the skin window test and bone marrow aspiration biopsy would be done on the other group. The delayed cutaneous reactions were conducted twice during the course of these studies and coordinated to fit in between the above work.
The Piromen test was conducted by injecting each calf subcutaneously with 5 ug/kg body weight of trypsinized whole cell digest of Pseudomonasaeruginosa. The endotoxin used for the first 6 weeks was a sterile solution in distilled water. Subsequent injections were made from powdered endotoxin (batch 145, Baxter Laboratories, Toronto, Ontario) in distilled water. The total leukocyte count, total granulocyte count and rectal temperature at time zero and 7.5 hours after endotoxin injection were determined [5] .
The skin window technique was done with alcohol-washed and autoclaved 18-millimetre diameter circular coverslips. These were applied to an area of the dorsal surface of the ear which had been washed with 70% isopropyl alcohol then clipped. A l-cm" abrasion was cut until the vessels of the dermal papillae were obvious but without induction of capillary leakage. The coverslips were placed over the abraded area and covered with a piece of circular cardboard 2 centimetres in diameter and about 2 millimetres thick. The ear was supported on the ventral surface by a plastic urine vial with a square base and round neck. The coverslip and cardboard disc were bound onto the dorsal surface of the ear, thus enclosing the urine vial with 2.5-centimetre adhesive tape. The coverslips were changed five times over a period of 7 to 8 hours. Immediately upon removal from the ear, the coverslips were waved until air-dried and then mounted cell side up on a microscope slide. The slides were then stained with Wright's, coverslipped and examined with a iox 10 division ocular grid with an oil immersion objective that covered an area of 1,600Ilm 2 • Differential cell counts were made of 300 cells in representative areas where the cell sheet was one layer thick. Cellularity was measured by noting the number of grid areas required to achieve this number of cells. The two coverslips removed during the first 3 hours had pigmented squamous cells and only occasional inflammatory cells and therefore differential counts were not done on them. Aspiration biopsies of sternal bone marrow for the estimation of myeloid to erythroid ratios were done as described [10] .
Delayed cutaneous hypersensitivity reactions were done with Optalac" (Diamond Laboratories Limited, Calgary), an antigen based on milk protein. Calves in group A (II weeks after infection) and group B (6 weeks after infection) were injected with 0.1 millilitre Optalao" intradermally into the neck; the resultant wheal was marked with a red pen. The diameters of the lesions were measured with calipers at 24 and 72 hours after injection. At 72 hours biopsies of the injection areas were taken with a 4-millimetre skin biopsy punch. All calves were then given 15 millilitres of Optalac" subcutaneously. Seven weeks later group B was given an additional 5 millilitres of Optalac" subcutaneously and 4 days later an intradermal injection of 0.1 millilitre of Optalac" into the left caudal fold. The size of the reaction was measured after 72 hours and skin biopsies were taken for histologic examination. These sections were examined with a 63-power objective and an ocular grid which covered an area of 3,969 p.m 2 • Five vessels were examined, one immediately beneath epidermis, two in the area of the hair follicles and skin glands, one at the junction of the lamina propria and dermal collagen, and one deep to the layer of dermal collagen. The numbers of lymphocytes, macrophages, stromal cells and granulocytes that were perivascular within the grid area were counted over each vessel. Results were analyzed with differences considered significant at a 5% confidence or higher [10] .
Results
The total leukocyte count dropped from 9x 10 3 / JLl to a minimum of 6x 10 3 / JLl 7 days after infection. The count then rose gradually to 11 to 14x 10 3 !J.d at the end of the 18 week study ( fig. 1 ). There were statistically significant differences between the infected and control calves between days 7 and 28 only. From the differential leukocyte count, it was found that the drop in the total white blood cell count was caused by an initial relative neutropenia ( fig. 2 ) and the subsequent rise was caused by an absolute lymphocytosis ( fig. 4 ). The absolute numbers of segmented neutrophils ( fig. 2 ) dropped from 3.3xI0 3 / JLl to O.8XI0 3 / JLl on day 16 after infection, and then rose gradually and oscillated between 1.7 and 3.0xI0 3 / JLl. Like the total white blood cell count, the differences in neutrophil numbers between the test and control calves were statistically significant between days 7 and 28 only.
The absolute numbers of immature neutrophils (largely band cells) for the infected calves showed three peaks that had an apparent periodicity of 50 days ( fig. 3 ). The control calves appeared to have a similar periodicity of immature cells, but to a lesser degree. There were significant differences between the test and control groups only on days 21, 28, 53 and 109 because of wide individual variation from calf to calf.
There was a gradual increase in the mean absolute number of lymphocytes ( fig. 4 ) to II.OXI0 3 / JLl on day 112 and then a drop back to 5.7XI0 3 / JLl on day 127. The lymphocyte counts in infected calves were statistically higher than those of the control animals on days 74,95,98, 105, II 2, 116 and Il9. The absolute numbers of monocytes in both infected and control calves showed marked individual variation and significant differences were not found.
Microscopically the predominant findings in the peripheral blood leukocytes of the infected calves were mild toxic changes such as toxic granules and moderate vacuolation in the neutrophils. Calves that were least affected clinically had increased normal granulation and those that were more severely infected had reduced normal neutrophilic granulation. The lymphocytes were less variable in type in the infected calves and tended to be monomorphic, of moderate size (nuclei two red blood cells in diameter), and have high nuclear cytoplasmic ratio and highly basophilic cyto- 16 
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' " .Ẽ plasm with a prominent perinuclear halo. These cells had prominent chromocenters often with a more dense periphery. Nucleoli were usually present and these cells frequently had three to four large azurophilic granules. These changes were in contrast to those in normal calves, which tended to have small lymphocytes about the size of a red cell, and medium size lymphocytes and numerous large lymphocytes with irregularly shaped nuclei and a large amount of pale cytoplasm. The results of the Piromen test of marrow granulocyte reserves showed a great reduction in granulocyte mobilization in infected calves from the first week until the 14th week after infection ( fig. 5 ). There were significant differences between the test and control calves at weeks I, 2, 4, 7, 8, 9, 12 and 13 after infection. The changes in the total white cell count were similar to and resulted from the changes in granulocyte numbers (fig. 6 ). The pyrogenic response to Piromen injection varied from an initial reduced reaction in the infected calves from' weeks 2 to 4 followed by a variable pattern, in which the infected calves had a higher temperature rise than controls in weeks 9 and 13 after infection ( fig. 7 ). There was marked individual variation in pyrogenic response and group differences were significant on weeks 2,6 and 9 only.
The skin window technique, which was a test of the ability of inflammatory cells to migrate to a site of injury, showed that there was a difference in reaction between the infected and control calves only in week 2 after infection. Figure 8 shows the change in proportion of segmented neutrophils and mononuclear cells during an 8.3-hour period after skin abrasion. The control calves responded with an early neutrophilic reaction, which decreased from 98% at 3 hours to 56% granulocytes at 7 hours, and a concurrent rapid rise in mononuclear cells (largely monocytes). There was then a return to marked neutrophilic predominance at 8 hours. In contrast, infected calves gradually shifted from a neutrophilic reaction as mononuclear cells entered the area and reached 27% at 8 hours. The reaction in infected calves did not revert to decreasing mononuclear cells during the period of observation as did the controls.
The results of myeloid to erythroid ratios determined on aspirated bone marrow smears are given in table I. During the first 4 weeks after infection, the ratio dropped rapidly, corresponding to the period when there was a marked neutropenia ( fig. 2) . It was more difficult to obtain adequate marrow samples from infected calves than from controls presumably because of an increase in density. of marrow reticulum caused by marrow stress and systemic toxemia.
The reaction to an initial intradermal injection of milk protein in test and control calves is given in table II. The reactions at 24 hours were about the same size as those at initial injection and the reaction persisted for 72 hours in five calves of each group without marked delayed cutaneous reactions in any calf. After 18 weeks of infection and specific immunization against this antigen, the reactions were similar in both groups of calves and significant differences were not found (table III) histological quantitation of cells in vascular· cuffs differed significantly only in the monocyte category (table IV) .
Discussion
The initial decrease in the total white cell count with a minimum corresponding to the onset of anemia in trypanosomiasis has been well documented [I, 7, 14] . The marked and sharp reduction in neutrophils during the first 2 weeks of infection ( fig.  2) is probably a very serious contributing factor to acute deaths in this disease especially when there are various intercurrent infections that maintain a strong demand on the marrow myeloid system. Previous studies indicate that the calf is unable to respond rapidly with both the myeloid and erythroid systems and therefore in ap acute hemolytic disease there will be a serious deficiency of both red cells and neutrophils which places the calf in a precarious defensive state [II, 12] .
The changes in absolute numbers of neutrophils in the peripheral blood and relative numbers of neutrophils in the bone marrow are given functional significance in the studies of response to Piromen injection ( fig. 5-7) . It is apparent from figure 5 that throughout the greater part of the infection, the infected calves were able to mobilize far fewer neutrophils than the normal controls. The pyrogenic response ( fig.  7 ) appeared to be fairly uniform until the 5th week of infection and subsequent changes were likely caused by a difference in the batch of endotoxin as well as changes caused by infection.
The results of skin window studies ( fig. 8 ) are an additional indication of abnormalities in functional ability of the infected calves to mobilize defensive cells to an area of inflammation. Both test and control calves mounted an early neutrophilia in the area of skin abrasion. In normal calves, however, the proportion of cells rapidly converted to a monocytic population while in the infected calves the neutrophil reaction persisted and monocytic migration was reduced and delayed. Since the monocytes are undoubtedly playing a major role in phagocytosis of injured red cells and injured parasites throughout the body it is reasonable that, although their total numbers may be increased, their previous commitment impairs their availability for new sites of inflammation within the body.
The marked erythroid shift (table I) therefore was accomplished at the expense of a serious reduction in circulating neutrophils ( fig. 1-3 ). Earlier work [3] is not clear on this point but does report a lymphocytosis, when cattle were responding well to the disease, and a shift to neutrophilic cells with immature forms as the disease progressed to a fatal termination. Calves studied after these experiments had terminal neutrophilic immaturity (left shift) but not neutrophilia. This is an important point since the neutrophils in these calves were not sequestered (as were the trypanosomes) but simply were not available because of depletion of the marrow granulocyte reserves.
The evaluation of delayed cutaneous hypersensitivity reaction in cattle is difficult because the pigmented skin obscures the flare reaction, the skin thickness makes caliper measurement difficult, and there is a lack of a suitable recall antigen. Milk protein did not cause marked reactions even after immunization and while it may be an effective reticuloendothelial stimulant it does not appear to cause stimulation of thymic dependent cells as tested by delayed cutaneous hypersensitivity reaction. In other studies more uniform results were obtained with a homologous coliform bacterin [2] . We have found that dinitrochlorobenzene gives histologic but not gross evidence of delayed reaction in cattle. The skin biopsies might be more typical of a delayed reaction at 48 rather than 72 hours [2] . Biopsy was delayed, however, in order to measure the wheal reaction at 72 hours. In the intradermal reactions, as in the skin window tests, the trypanosome infected calves had a reduced monocytic reaction ( fig. 8, table IV) .
The results of the routine hematologic tests [10] , the Piromen response and the skin window tests indicate a reduced or altered marrow myeloid response. The number of myeloid and erythroid stem cells in T. congolense infected calves should be determined by in vitro marrow culture. This method should verify a reduction or competition for hematopoietic stem cells as the basic cause for the reduction in marrow granulocytic reserves in infected calves [13] . I df = degrees of freedom = (n, + n2 -2). 
